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Summary JTT-501 is an insulin-sensitising compound with an isoxazolidinedione rather than a thiazolidionedione structure. Sprague-Dawley rats fed a high fat diet for 2 weeks were used as an animal model of insulin resistance, and JTT-501 was administered for the final week of the diet. An euglycaemic glucose clamp study showed that the glucose infusion rate (GIR) required to maintain euglycaemia was 57 % lower in rats fed a high fat diet than in control rats, and that JTT-501 treatment restored the reduction in GIR produced by the high fat diet. To explain the mechanisms underlying the effects of a high fat diet and JTT-501 treatment, epididymal fat pads were excised and used in the analysis of insulin action. The high fat diet caused: (1) a 58 % decrease in insulin receptor substrate-1 (IRS-1) content with a 58 % decrease in IRS-1 tyrosine phosphorylation; (2) reductions of 56 % and 73 % respectively in insulin-induced maximal PI 3-kinase activation in anti-phosphotyrosine and anti-IRS-1 antibody immunoprecipitates; (3) a 46 % reduction in the glucose transporter protein, GLUT4 content and, consequently, (4) severely impaired insulin-induced GLUT4 translocation to the plasma membrane and glucose uptake in adipocytes. JTT-501 treatment restored appreciably the protein content and tyrosine phosphorylation level of IRS-1. Insulin-stimulated PI 3-kinase activation was also restored in anti-phosphotyrosine and anti-IRS-1 antibody immunoprecipitates. As reflected by these improvements in insulin signalling, JTT-501 treatment improved considerably insulin-induced GLUT4 translocation to the plasma membrane as well as insulin-induced glucose uptake. However, JTT-501 had no effect on the decrease in GLUT4 content produced by the high fat diet. These observations suggest that JTT-501 enhances insulin signalling and may be effective in reducing insulin resistance. [Diabetologia (1998) 41: 400±409] Keywords Insulin sensitiser, isoxazolidinedione, JTT-501, GLUT4, phosphatidylinositol 3-kinase, high fat diet, adipocyte.
in Zucker fatty and Zucker diabetic rats, based on fasting plasma glucose and insulin concentrations as well as glucose tolerance test results (unpublished observations). Thus, JTT-501 is a promising insulin sensitising agent that may be very potent.
In muscle and adipose tissue, GLUT4 glucose transporter capacity on the cell surface seems to be rate-limiting for glucose utilisation. GLUT4 resides in intracellular pools in the basal condition, and is recruited to the plasma membrane in response to insulin stimulation [8, 9] . Defects in the regulation of both GLUT4 synthesis and translocation could, therefore, be major factors in the reduced glucose uptake seen in insulin resistance. It has also been suggested that low insulin-stimulated glucose transport rates in adipocytes from patients with NIDDM do not result from a defect in the insulin receptor, but from a change in a postreceptor site [10±12] . A recent series of reports has shown that the activation of phosphatidylinositol 3-kinase (PI 3-kinase) is necessary for the translocation of GLUT4 to the plasma membrane [13±18] and that this process is impaired in various rodent models of diabetes [19±23] .
In this study, JTT-501 treatment reversed the insulin resistance induced in rats by a high fat diet. The pharmacological effect of JTT-501 on the impaired glucose transport system in adipose cells produced by a high fat diet was also assessed. Here the focus was on the expression level and insulin regulated translocation of GLUT4, and on insulin signalling that leads to the activation of PI 3-kinase, which is thought to be linked to the translocation of GLUT4 to the plasma membrane.
Materials and methods
Animals. Male Sprague-Dawley rats were obtained from Nisseizai, Tokyo, Japan at 5 weeks of age. They were divided into three groups and fed one of the following diets for 2 weeks: (1) normal chow diet (protein 23 %, lipid 11 %, and carbohydrate 66 % of total calories) (2) diet high in fat (protein 24.5 %, lipid 60 %, and carbohydrate 15.5 % of total calories), or (3) high fat diet for 2 weeks plus JTT-501 100 mg/kg once a day for the last week. The high fat diet was formulated to assure that 60 % of total calories came from lard. JTT-501 was suspended in 0.5 % carboxymethylcellulose sodium and administered orally by gavage.
Euglycaemic hyperinsulinaemic clamp. To assess insulin sensitivity, euglycaemic hyperinsulinaemic clamp studies were performed. Rats were anaesthetized with nembutal (50 mg/kg).
A catheter was inserted in the right jugular vein for insulin and glucose infusion, and a catheter in the left carotid artery was used for blood sampling. Regular human insulin (14 mU × min 1 × kg 1 , Novolin-U, Novo-Nordisk, Copenhagen, Denmark) was infused intravenously, and whole blood glucose concentrations were determined at 5 minute intervals with a Mediace GR-100 (Telmo). A 10 % dextrose solution was infused at a rate that allowed maintenance of the blood glucose concentration at 6.7 mmol/l.
Preparation of isolated adipocytes. All the rats were killed by decapitation, and were not fasted before hand. Epididymal fat pads were excised. The fat pads were digested with collagenase (1 mg/ml), and the isolated adipocytes obtained were suspended in Krebs-Ringer-biocarbonate (KRB) buffer supplemented with 30 mmol/l Hepes, 1 % bovine albumin (fraction V), 3 mmol/l glucose, and 200 mmol/l adenosine at pH 7.4 as described by Honnor et al. [24] . Adipocytes were washed three times with the same buffer and resuspended to a cell density consistent with a 25 % adipocrit.
Determination of GLUT4 translocation from intracellular pools to plasma membrane. Subcellular membrane fractions were prepared by differential centrifugation from homogenised fat cells as described by McKeel and Jarett [25] and Cushman and Wardzala [8] with some modifications [26] . The fat cell homogenates were centrifuged at 3000 g for 15 min to sediment the plasma membrane fraction. The fat cakes were discarded, and the intranatant was centrifuged at 12 000 g for 15 min to sediment the plasma membrane fraction. The supernatant was centrifuged at 28 000 g for 15 min, and the resulting supernatant was centrifuged at 146 000 g for 75 min, yielding a particulate fraction termed low density microsomes [8] .
Determination of GLUT4 content. Total adipose tissue membranes were obtained by centrifuging the cell homogenates at 146 000 g for 75 min. Altogether 50 mg of protein in the total membrane, plasma membrane, and low density microsome fractions were separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose filters. The filters were blocked with 3 % powdered skim milk in Tris-buffered saline (TBS), pH 7.4, overnight at 4 C, and incubated for 3 h at room temperature with antiserum to the C-terminus of GLUT4 [27] . After three washings with TBS, the bound immunoglobulins were probed with 125 I-labelled protein A, and the 125 I-labelled GLUT4-associated signal was quantified with a Molecular Imager GS-525 using Screen-CS.
Immunoprecipitation and Western blotting. The proteins were made soluble in buffer composed of 50 mmol/l Hepes (pH 7.0), 150 mmol/l NaCl, 1 mmol/l EGTA, 100 mmol/l sodium fluoride, 10 mmol/l sodium pyrophosphate, 1 % Triton X-100, 10 % glycerol, 1.5 mmol/l MgCl 2 , 1 mmol/l sodium orthovanadate, 1 mmol/l phenymethylsulfonyl fluoride (PMSF), and 0.1 mg/ml aprotinin. After centrifugation at 15 000 g at 4 C for 30 min to remove insoluble material, the supernatants were used for immunoprecipitation. The supernatants containing equal amounts of protein (3 mg/1 ml for each tube) were incubated with anti-IRS-1 antibody (10 mg/ml), anti-phosphotyrosine antibody (4G10) (5 mg/ml), anti-p85a antibody (UBI), or anti-p110b antibody (10 mg/ml), and then incubated with 10 ml of protein A-Sepharose beads. The samples were washed five times with the same buffer and boiled in Laemmli sample buffer containing 100 mmol/l dithiothreitol. The immunoprecipitated samples were subjected to SDS-PAGE and the immunoblotting using each antibody was performed with enhanced chemiluminescence (ECL) according to the manufacturer's instructions. The band intensities were quantitated with a Molecular Imager GS-525 using Screen-HC.
PI 3-kinase assay. After stimulation with various concentrations of insulin for 10 min, adipocytes were immediately homogenised in 10 volumes of ice cold buffer composed of 50 mmol/l Hepes (pH 7.5), 137 mmol/l NaCl, 1 mmol/l MgCl 2 , 1 mmol/l CaCl 2 , 2 mmol/l Na 2 VO 4 , 10 mmol/l sodium pyrophosphate, 10 mmol/l NaF, 2 mmol/l EDTA, 1 % NP-40, 10 % glycerol, 2 mg/ml aprotinin, 10 mg/ml antipain, 5 mg/ml leupeptin, 0.5 mg/ml pepstatin, 1.5 mg/ml benzamidine, and 34 mg/ml PMSF. The insoluble materials were removed by centrifugation at 15 000 g for 30 min at 4 C, and the supernatants were immunoprecipitated with anti-IRS-1 or anti-phosphotyrosine antibody. The PI 3-kinase activities in the immunoprecipitates were measured as previously described [28] .
Glucose uptake studies. Isolated adipocytes (2 10 5 cells/ml) were suspended in KRB buffer containing bovine serum albumin (10 mg/ml, pH 7.4) and preincubated with or without insulin for 15 min at 37 C. Glucose uptake was initiated by the addition of 2-deoxy- [1- 3 H]-D-glucose at a concentration of 0.1 mmol/(0.25 mCi). The assay was terminated after a 3 min incubation by transferring 200 ml aliqots from the assay mixture into plastic microcentrifuge tubes containing 100 ml of dinonyl phthalate and centrifuging rapidly. Incubation was considered ended the instant that centrifuging began. The amount of 2-deoxyglucose trapped in the extracellular water space of the cell layers was determined with [U-14 C]-sucrose and corrected as described in [29] . In each experiment, the uptake of 2-deoxyglucose at each point represents the mean of two separate experiments of triplicate determinations.
Results
Effects of diet and JTT-501 treatment on body weight and glucose, insulin, and lipid concentrations. Characteristics of the experimental animals after 2 weeks of treatment are presented in Tables 1 and 2 . Neither the high fat diet nor JTT-501 treatment increased the body weight. The fasting plasma glucose and insulin concentrations were significantly higher in rats fed the high fat diet than in control rats, suggesting insulin resistance. In addition, plasma triglyceride concentrations in rats fed the high fat diet were 75 % higher than those in control rats.
JTT-501 treatment for one week reduced fasting plasma glucose and insulin concentrations and returned raised plasma triglyceride concentrations to normal compared with the high fat diet alone.
Euglycaemic-hyperinsulinaemic clamp. During the steady state from 60 to 150 min, glucose values were clamped at euglycaemic levels ( Fig. 2 A) . With the infusion of insulin (14 mU × min 1 × kg 1 ), the GIR was considerably lower in rats fed a high fat diet than in control rats (56.9 %). The reduced GIR induced by the high fat diet was partly reversed by JTT-501 treatment, but was still 28.0 % lower in the treated rats than in control rats (Fig. 2 B) . Mean ± SEM (n = 20) Values are means ± SEM (n = 10). Effect of JTT-501 on in vivo insulin action in rats fed a high fat diet. Sprague-Dawley rats (5 weeks old) were fed a high fat diet for 2 weeks. JTT-501 (100 mg/kg per day) was given orally during the second week. After the last dose of JTT-501, rats were fasted overnight. The glucose infusion rate (GIR) required to maintain euglycaemia during a glucose clamp study at an insulin infusion rate of 14 mU × min 1 × kg
Effects of diet and JTT-501 treatment on autophosphorylation of adipocyte insulin receptors. As shown in Fig. 3 A, the insulin-induced autophosphorylation of insulin receptors on adipocytes from rats fed the high fat diet was 78 % higher than that on adipocytes from control rats. The JTT-501 treatment reduced by approximately 7 % the increased insulin receptor autophosphorylation associated with the high fat diet.
Effects of diet and JTT-501 treatment on IRS-1 protein and tyrosine phosphorylation of IRS-1. The amount of IRS-1 protein was determined by immunoprecipitation, which was followed by immunoblotting with the antibody against IRS-1. The amount of IRS-1 in adipocytes of rats fed a high fat diet for 2 weeks was 42 % of the level in control animals. JTT-501 treatment for the final week reversed this decrease in IRS-1 protein to 62 % of the amount of IRS-1 in adipocytes from rats fed the control diet (Fig. 3 B) .
The tyrosine phosphorylation level of IRS-1 was determined by immunoblotting the IRS-1 antibody immunoprecipitates with the phosphotyrosine antibody. As shown in Figure 3 C, the tyrosine phosphorylation of IRS-1 in adipocytes from rats on the high fat diet was also reduced to 42 % of the value in control rats. This decrease in IRS-1 phosphorylation with the high fat diet was partly reversed by JTT-501 treatment.
Effects of diet and JTT-501 treatment on insulin-induced PI 3-kinase activation. The effects of a high fat diet and JTT-501 treatment on insulin-induced PI 3-kinase activation were investigated (Fig. 4) . In adipocytes from control rats, the antibody to phosphotyrosine showed a dramatic increase in PI 3-kinase activity in accordance with an increasing insulin concentration. In contrast, this insulin-induced increase in PI 3-kinase activity associated with tyrosine-phosphorylated protein(s) was noticeably attenuated in adipocytes from rats fed the high fat diet (56 % decrease at 10 7 mol insulin in comparison with the control diet). The 1-week JTT-501 treatment reduced the impairment of PI 3-kinase activity, associated with tyrosine-phosphorylated protein(s), induced by the high fat diet (Fig. 4 A) .
Assay of the PI 3-kinase activity in the immunoprecipitates obtained with the antibody against IRS-1 yielded similar results. The high fat diet reduced considerably the association of PI 3-kinase activity with tyrosine phosphorylated IRS-1, and this reduction was shown to be partly reversed by the JTT-501 treatment (Fig. 4 B) .
Effects of diet and JTT-501 treatment on GLUT4 content. The amount of GLUT4 protein in adipocytes Upper panel A the tyrosine phosphorylation level of the insulin receptor was determined by immunoprecipitation followed by immunoblotting with the antibody against phosphotyrosine. Upper panels B and C the cell lysates were immunoprecipitated with antibodies against phosphotyrosine and IRS-1, respectively. The amount and tyrosine phosphorylation level of IRS-1 were determined by immunoblotting the immunoprecipitates with the antibodies against IRS-1 and phosphotyrosine, respectively. Lower panels A, B and C: the band intensities were quantified using a Molecular Imager GS-525. For A, independent experiments were performed three times and yielded similar results. A representative experiment is shown. In panel B, the bars represent the mean ± SE of two independent experiments performed in triplicate. High fat diet vs high fat diet plus JTT-501, p < 0.01. In panel C, the bars represent the mean ± SEM of four independent experiments. High fat diet vs high fat diet plus JTT-501, p < 0.05. Values are expressed in relative units, and values of 100 % are ascribed to insulin-induced tyrosine phosphorylation of the insulin receptor (A), the amount of IRS-1 (B), and the insulin-induced tyrosine phosphorylation of IRS-1 (C) in adipocytes from rats fed a normal diet were determined by immunoblotting the total membrane fraction with the specific antibody against GLUT4. As shown in Figure 5 A, the amounts of GLUT4 in adipocytes from rats fed the high fat diet were only 54 % of control diet values. JTT-501 had no effect on the down-regulation of GLUT4 induced by the high fat diet.
Effects of diet and JTT-501 treatment on GLUT4 translocation from intracellular pools to the plasma membrane. Insulin stimulation of adipocytes from rats fed a normal diet induces dramatic recruitment of GLUT4 from intracellular pools to the plasma membrane, resulting in an insulin-induced increase in glucose uptake. The GLUT4 increases in the plasma membrane in the presence compared with the absence of insulin were: 5.8 fold in adipocytes from rats fed a normal diet, 0.7 fold in those on the high fat diet and 2.6 fold in rats fed the high fat diet but treated with JTT-501 for the final week (Fig. 5 B, left two bars in each box). A similar insulin-stimulated translocation of GLUT4 was observed in the amount of GLUT4 in the intracellular pools (Fig. 5 B, right two bars in each box). These results show that JTT-501 reversed considerably the impaired GLUT4 translocation induced by the high fat diet.
Effect of diet and JTT-501 treatment on glucose uptake. Figure 6 presents basal and insulin stimulated 2-deoxyglucose uptake in adipocytes obtained from each group of rats. The 2-deoxyglucose uptake in the adipocytes from rats fed a high fat diet in the basal and insulin-stimulated conditions were reduced by 22 % and 51 % respectively compared with control rats. JTT-501 increased the basal glucose uptake by 113 % and insulin stimulated 2-deoxyglucose uptake by 83 % compared with rats fed a high fat diet. These results indicated that JTT-501 treatment resolved al- most completely the impaired insulin-stimulated glucose uptake in adipose tissue that was induced in rats on a high fat diet.
Discussion
Insulin resistance in NIDDM is thought to result in many cases from a postreceptor defect in insulin signalling in peripheral tissues. Although the mechanism by which this defect develops is only beginning to be understood, many studies have shown that obesity, a high fat diet, stress, and insufficient exercise lead to insulin resistance [30±38]. We investigated the mechanism of adipocyte insulin resistance induced by a high fat diet, focussing on the expression level and translocation of GLUT4, as well as on the insulin signalling that leads to the activation of PI 3-kinase ± thought to be involved in the translocation of GLUT4 to the plasma membrane. Furthermore, we evaluated the effect of JTT-501, a new insulin sensitiser, on factors that are impaired by feeding a high fat diet.
Insulin receptor kinase activity was high in adipocytes of rats fed a high fat diet in this study, agreeing with the findings of a previous report [39] . Thus, insulin receptor kinase impairment is unlikely to be involved in the occurrence of insulin resistance in fat cells. However, insulin receptor tyrosine kinase activity, reported to be considerably lower than that in adipose tissues [39] , is associated with insulin resistance in skeletal muscle and the liver of rats fed a high fat diet. Two possible mechanisms by which a high fat diet induces insulin resistance in adipocytes were suggested by our findings. One is the down-regulation of IRS-1 protein, reported previously [40, 41] , which reduces the tyrosine phosphorylation level of IRS-1. We showed noticeable impairment of PI 3-kinase activation in IRS-1 antibody immunoprecipitates and in phosphotyrosine antibody immunoprecipitates in adipocytes of rats fed a high fat diet. Studies have shown that the activation of PI 3-kinase is necessary for insulin-induced glucose transporter translocation to the plasma membrane in muscle and fat cells that results in an increase in glucose uptake [13±18] . For example, this process has been shown to be blocked by specific inhibitors of PI 3-kinase, such as wortmannin [13] and LY294002 [14] , as well as by the overexpression or microinjection of the dominant negative mutant p85a [15, 16] . In contrast, overexpression of Isolated adipocytes were incubated in the presence or absence of 10 7 M insulin for 10 min at 37 C. Cells were homogenised and subcellular fractionation was performed as described in Materials and Methods. Altogether 50 mg of total membrane protein, the plasma membrane fraction (PM) and the low density microsome fraction (LDM) were separated by SDS-PAGE, and the amount of GLUT4 in each fraction was determined by immunoblotting using the antibody against the C-terminus of GLUT4. Lower panels: The band intensities were quantified using a Molecular Imager GS-525. For panel A, the bars represent the mean ± SEM. Values are expressed in relative units, with a value of 100 % ascribed to the content of GLUT4 protein in adipocytes from rats fed a normal diet. One way ANOVA with Turky's multiple comparison test showed significant differences: Control vs high fat diet, p < 0.05; control vs high fat diet plus JTT-501, p < 0.05. For panel B, the experiments were performed three times yielding similar results, and representative data are shown wild-type or constitutive active p110 in 3T3-LI cells induces glucose transporter translocation to the plasma membrane, irrespective of insulin stimulation [17, 18] . The PI 3-kinase activation defect in adipocytes may, therefore, be attributable to impaired GLUT4 translocation in response to insulin stimulation. We observed that GLUT4 translocation and 2-deoxyglucose uptake do not occur efficiently in adipocytes from rats on a high fat diet compared with rats fed a control diet. These findings indicate that impaired PI 3-kinase activation in adipocytes from rats fed a high fat diet is a major cause of defective insulin-induced GLUT4 translocation to the plasma membrane and resultant glucose uptake.
The other defect in adipocytes from rats fed a high fat diet was a downregulation of GLUT4 protein, which was also reported previously [42] . Although it remains unclear how the expression of GLUT4 is regulated by various hormones and nutrients, many investigators, including our group, have speculated that a GLUT4 protein deficiency would decrease the extent of the insulin-induced increase in glucose uptake into cells [43±46] .
We investigated the mechanism by which JTT-501 improves insulin sensitivity in adipocytes from rats fed a high fat diet. As mentioned in the Introduction, JTT-501 has an isoxazolidinedione structure (rather than the thiazolidionedione structure of members of the glitazone family, such as ciglitazone, troglitazone, pioglitazone and englitazone), and was shown by means of a euglycaemic clamp study and 2-deoxyglucose uptake to restore the insulin resistance induced by a high fat diet (Fig. 2) . Recent studies have shown that these compounds are potent and selective activators of peroxisome proliferator-activated receptor g (PPAR-g ), a member of the nuclear receptor superfamily that functions in adipogenesis [47±50] . JTT-501 also binds to PPAR-g (Kd/Ki in the binding assay experiments using GST-PPAR-g and [ 3 H]-BRL49653; BRL49653: 1.4 X 10 7 mol, JTT-501: 3.3 X 10 6 mol), and incubation with JTT-501 was observed to induce the differentiation of 3T3-L1 cells into adipocytes (unpublished data). Although these receptors seem to function not only in adipocytes but also other insulin sensitive tissues such as muscle and liver, the evidence that PPARg is expressed mainly in adipocytes suggests that adipocytes are the tissue most sensitive to thiazolidionedione or its derivatives, as well as the isoxazolidinedione derivative JTT-501. Because of this we used adipocytes to examine the mechanism by which JTT-501 restores insulin sensitivity. Our results suggest that JTT-501 treatment increases the amount and tyrosine phosphorylation level of IRS-1, although return to normal was partial. These changes appear to result in reversal of the impaired activation of PI 3-kinase. Englitazone, which belongs to the thiazolidionedione class of insulin sensitizing agents, reportedly prevented the insulin resistance associated with a high fat diet. Its mechanism of action, however, does not involve activation of the insulin signalling pathway via PI 3-kinase [40] . We have no explanation for this difference in the results of the study of Stephenson et al. from those of our study using JTT-501.
To date, many reports have examined the mechanisms of action of insulin-sensitising agents using various tissues or cell lines [51±55]. However, these studies have produced a wide variety of seemingly conflicting conclusions. For example, pioglitazone was shown to enhance the activation of PI 3-kinase associated with IRS-1 without changing of tyrosine phosphorylation of insulin receptor and IRS-1 [51] . Contradicting this finding, several studies reported that pioglitazone and troglitazone improve the insulin receptor tyrosine kinase defect in cultured cells induced by a high glucose concentration [52, 53] , as well as in muscles of obese Wistar fatty rats [54] . In addition, it was reported that englitazone and oxazolidinedione CP-92, 768-2 partly prevent the down-regulation of IRS-1 in 3T3-L1 cells induced by dexamethazone [55] . In our study also, oral administration of JTT-501 did not affect autophosphorylation of the insulin receptor, but did enhance the insulin stimulated activation of PI 3-kinase by increasing the protein amount and phosphorylation level of IRS-1, in adipocytes. These differences may result from differences in the cell types or the method used for inducing insulin resistance. These agents, despite being similar, may also have their own specific actions due to structural differences. Further study is necessary to clarify this issue.
Furthermore, there have been several contradictory reports concerning the effect of these agents on the regulation of GLUT4. Pioglitazone and troglitazone reportedly increase the expression of GLUT4 in muscle [56±58] and 3T3-F442 adipose cells [59] , Normal diet High -fat diet High -fat diet + JTT501 Fig. 6 . Effect of JTT-501 on 2-deoxyglucose uptake of isolated adipocytes. Adipocytes from rats fed a control, high fat, or high fat diet plus JTT-501 were preincubated for 45 min, then the uptake of 2-deoxyglucose was measured following 3-min incubation as indicated in the text. Data represent the mean ± SEM. One way ANOVA with Turky's multiple comparison test showed significant differences: Control vs high fat diet, p < 0.001; high fat vs high fat diet plus JTT-501, p < 0.01 while it has also been shown that pioglitazone fails to correct the defect in glucose transport and its insulininduced translocation in Zucker rat skeletal muscle [60] . In addition, BRL 49653 was reported to potentiate insulin-induced glucose transport in adipocytes from insulin-resistant obese mice, both by increasing the number of insulin receptors and by facilitating GLUT4 translocation to the cell surface [61] . On the other hand, our results show clearly that JTT-501 has no effect on the regulation of GLUT4 expression, while almost completely normalising its insulin-induced translocation. We speculate that in the case of JTT-501, enhanced PI 3-kinase activation due to increased IRS-1 protein and IRS-1 phosphorylation improved GLUT4 translocation. In addition to these direct effects mediated by PPAR-g or other possible target molecules in insulin-sensitive cells, or both, the secondary effect via the decreased serum lipid level may contribute to the mechanism whereby insulin resistance is reduced. In fact all or most drugs belonging to this class seem to lower serum lipid concentrations [62±64]. It is well known that insulin resistance causes hyperlipidaemia, and that hyperlipidaemia may lead to insulin resistance. It was reported that bezafibrate, widely used as an antihyperlipidemic drug, not only reduces serum triglyceride concentrations but also improves insulin sensitivity in non-obese patients with hyperglycaemia and impaired glucose tolerance [65] . Therefore, both the direct effect on insulin-sensitive cells and a secondary effect related to the decreased serum lipid concentration may play an important role in the improved insulin sensitivity produced by thiazolidionedione and its derivatives.
Judging from the dose (100 mg/kg per day) used in this study and the Km value to PPAR-g , JTT-501 may be considered to have a similar, but not higher, potency than troglitazone in terms of its insulin-sensitising effect. However, JTT-501 probably has a considerably greater effect than troglitazone in lowering the serum triglyceride concentration in all diabetic animal models examined. In this study, JTT-501 reduced the raised serum triglyceride level caused by high fat feeding to a level lower than that of the control rats (Table 2 ). Many patients with NIDDM have hyperlipidaemia, and JTT-501 may therefore be a first choice treatment for them. In addition, the improvement of hyperlipidaemia may contribute to the normalisation of the glucose concentration in humans in the long run, which should be investigated in a human study in the future.
In summary, we have shown that JTT-501 almost completely resolves the impaired insulin-induced GLUT4 translocation to the cell surface caused by feeding a high fat diet. We suggest that this effect on glucose transporter translocation is attributable to the reversed PI 3-kinase activation defect associated with an increased IRS-1 content. However, JTT-501 failed to reverse the reduction in GLUT4 expression. These results, taken with those of glucose clamp studies, suggest that JTT-501 is a promising treatment for NIDDM.
